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Abstract  
The goal of this project was to complete the design, manufacturing, and 
testing of a 100:1 scale model tension leg platform (TLP) floating wind turbine that 
two previous MQP groups have studied. The current project added an aerodynamic 
disk and rotating rotor blades to the scale model TLP to properly model turbine 
thrust and rotor gyroscopic effects. A secondary goal was to study hydrokinetic 
energy systems and propose a hybrid scale model TLP design that incorporated a 
water turbine. This report details the design process used to create new 
components for the TLP platform. The components were drawn in SolidWorks and 
then machined using a rapid prototyping machine. An existing system of 
accelerometers and inclinometers were used to measure dynamic motion of the TLP 
model with the aero disk and spinning rotor installed. The model was tested in the 
Higgins Laboratory at WPI and in the wave flume at Alden Research Laboratory in 
Holden, Massachusetts.  
 
 
 
 
 
 
 
Certain materials are included under the fair use exemption of the U.S. Copyright Law and have 
been prepared according to the fair use guidelines and are restricted from further use.
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1. Introduction 
As a result of an increase in energy consumption during recent years, there 
has been an increase in renewable energy research.  This research is greatly needed 
since our current dependence on fossil fuels needs to change. Not only does the 
burning of fossil fuels have a negative impact on our environment, but these 
resources are also finite and will eventually run out.  
Over the past few years we have seen an increase in the use of renewable 
energy, although it is still a relatively slow process. Figure 1 shows that 8% of the 
energy consumption in the U.S. in the years 2009 and 2010 was from renewable 
energy. This is only a 1% increase since the year 2008.  One major increase, 
however, is in wind energy. It has increased from 7% of the total renewable energy 
consumption in 2008 to 9% in 2009 and finally to 11% in 2010.  In future years, an 
increase in the use of renewable energy and a decrease in our dependence on the 
finite resources that make up 83% of the current energy consumption are desirable. 
 
Figure 1: Renewable energy consumption in the nation’s energy supply, 2010 [1] 
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Wind turbines are a very promising resource for renewable energy, although 
many Americans take on a “not in my backyard” attitude when it comes to land 
based wind farms. In recent years floating offshore wind turbines have been 
considered as an alternative to land based turbines. This eliminates noise concerns, 
visual disturbances, and avian and bat population impacts while simultaneously 
increasing the generation efficiency due to the increased wind power offshore as 
compared to land based turbines. Figure 2 below shows the increased wind 
potential offshore of the United States.  This figure also classifies the wind speeds 
surrounding the country into 5 separate classes. These classes start at a speed of 
14.3 mph for class 3 and go up to 24.8 mph for class 7. It is noticeable that the 
majority of the highest wind speeds in classes 6 and 7 occur off the coastline near 
cities such as San Francisco and New York City. By moving these wind turbines far 
offshore not only will they capture the increased wind potential located there, but 
can also be closer to major cities instead of the Mid-West.   
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Figure 2: U.S. Department of Energy Wind Resource Map 
 
The need to increase the world’s use of renewable energy, results in much-
needed research to improve the current methods used to achieve the renewable 
energy. Previous WPI project groups have developed and successfully tested 100:1 
scale models of the base of a tension leg platform turbine design and a spar buoy 
base. They have built these models using WPI’s Rapid Prototyping Machine and 
performed tests to assure that the models float properly and are stable.  Their early 
tests were performed under simulated towing conditions, but later tests modeled 
operating conditions. This project will focus on adding a spinning rotor and an 
aerodynamic thrust disk to these bases in order to study the gyroscopic effects and 
aerodynamic loading on the turbine.  The models will be tested under simulated 
operating conditions in Alden Laboratories in Holden, MA. The project will also 
involve a look into the possibility of extracting wave or current energy using scale-
model testing.   
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2. Background  
2.1. Wind Power  
 Wind power is taking wind energy and converting it into a more useful form of 
energy. Wind power is a great alternative renewable energy resource, compared to 
the nonrenewable energy resource of fossil fuels, due to its abundance and its 
never-ending quality. Wind power also doesn’t require a large land-use footprint 
meaning things such as agriculture could also be carried out in the same place as 
wind farms. There are many advantages to converting wind power into energy but 
one of the biggest ones is the effect it will have on our environment. Instead of using 
harmful fossil fuels, which the world will eventually run out of, wind energy is an 
almost completely environmentally-safe option.  
 There are many different methods of converting wind energy, such as using 
windmills for mechanical power, wind powered pumps for pumping water or wind 
turbines for generating electricity. Wind turbines have faced issues with noise, 
aesthetics, intermittency, and avian related problems since their discovery. There 
have been many breakthroughs in most of these areas over time but one area that 
has gotten visually worse is the size and visual appeal of the turbines. The turbines 
have only gotten larger in recent years and will only continue to increase in height 
and diameter. One way of solving the aesthetic and noise problem is to put wind 
turbines where people cannot see them, such as far offshore.  With the movement of 
the turbines offshore, an increase in size of the turbines would also be possible, 
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resulting in an increase in the energy extracted.  
2.2. Offshore Wind Power 
 Moving wind farms offshore would not only eliminate aesthetic issues, but at 
the same time harness the increased wind potential far offshore. In Figure 1 we see 
a map showing the increasing wind potential with the increasing distance from the 
shore. The sea also provides ample open space for the floating wind farms while at 
the same time providing faster and unobstructed winds.  
 Many of our current land-based wind farms are located in the Mid-Western 
part of the U.S. in order to harvest the wind potential shown in Figure 1. We can see 
the some the states that have the highest offshore wind power potential are states 
such as New York, New Jersey and California all of which have major cities. By 
capturing and using this wind potential off the coast of these major cities we would 
reduce the cost of transporting the energy harvested by the Mid-Western wind 
farms to the cities.  
 14 
  
Table 1: Offshore Wind Energy [2] 
 
 
 Table 1 above shows the states on the East Coast that have the most potential 
for offshore wind energy. This table shows that states such as Delaware, 
Massachusetts, North Carolina and Maine are able to provide more than the 
electricity needed for each state solely from offshore wind power and most of the 
other states can contribute by at least 30%. It is also apparent that although this is 
the case, these states still derive the majority of their electricity from the burning of 
fossil fuels. With an investment in offshore wind power, states such as Delaware and 
Massachusetts could produce more than 130% of their energy use while at the same 
time saving the states $274 million and $2.1 billion each year, respectively [2].  
2.3 Floating Wind Turbine Concepts 
 There are three main designs for floating offshore wind turbines. They are the 
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shallow draft barge, Tension leg platform, and the spar buoy designs. These are 
illustrated in the figure below. 
 
 
Figure 3: Floating Wind Turbine Concepts [3] 
 
 The figure shows from left to right the spar buoy, the tension leg platform, and 
the shallow draft barge designs. The two previous MQP groups have built a 100:1 
scale model of all three of these designs. However, this project will only focus on the 
spar buoy and the tension leg platform (TLP) because after preliminary testing the 
shallow draft barge was found to be more affected by the ocean waves and therefore 
an inadequate option. 
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2.3.1 Shallow Draft Barge 
 “The shallow draft barge (SDB) is a floating turbine concept design which relies on a 
large waterplane area for buoyancy and stability. The SDB is anchored to the sea floor using 
loose, catenary mooring lines which prevent the turbine from drifting, but do not provide 
tension. [4]” After testing of the shallow draft barge the decision was made to not revisit 
this structure because the platform was affected more by the incoming waves than the other 
two designs, and shallow draft barges are rarely considered today as candidate platforms 
for floating turbines,. This project will focus on the other two designs. Figure 4: Shallow 
Draft Barge shows a shallow draft barge model from a previous MQP.  
 
Figure 4: Shallow Draft Barge, [4] 
2.3.2 Tension Leg Platform 
 The tension leg platform (TLP) is a floating turbine concept design that has 
four cables that attach to the sea floor. The TLP tank is a buoyant tank that would 
float on the surface if not for the cables attached to the sea floor. The buoyancy of 
the tank applies a force upwards while the cables apply a force towards the sea 
floor. This design requires taut mooring lines to hold the turbine upright [4]. Below 
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is a picture of 2010 MQP project group’s design, which was the main focus of this 
year’s testing. 
 
Figure 5: Tension Leg Platform, [4] 
2.3.3 Spar Buoy 
 The spar buoy platform of a floating offshore wind turbine is designed for 
deeper waters than the TLP platform. The spar buoy is a long cylinder that utilizes a 
lower center of gravity to provide its stability rather than the tensioned legs in the 
TLP. The platform is not free floating, but is tethered to the ocean floor through a 
centenary mooring system. Figure 6 shows the 2011 project group’s design of the 
spar buoy: 
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Figure 6: Cross Section of Spar Buoy Model, [5] 
2.3.4 Scaling  
 In order for the scale model floating turbine to be an accurate representation 
of the full-scale prototype, the scale model must be scaled properly. The geometric 
scaling that was used on all of the above models was a 100:1 length scale. This 
length scale dictates the scaling of other physical parameters as shown in the table 2 
below where  = 100.  The wave height was therefore also scaled 100:1. In 
particular in Table 2, it is shown that weights (forces) between prototype and model 
are in a 10^6:1 ratio, mass moment of inertia values are in a 10^10:1 ratio. This 
table also shows that the wave period was scaled 10:1 while the angular velocity 
was scaled 0.1:1.  
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Table 2: Scaling Factors 
Variable Unit Scale Factor 
(Prototype/Model) 
Scale 
Factor 
with 
λ=100 
Remarks 
Length L λ 100 Any characteristic 
dimension of the 
object 
Area L^2 λ^2 10000 Surface area or 
projected area on a 
plane 
Volume L^3 λ^3 10^6  
Moment of 
Inertia 
(Area) 
L^4 λ^4 10^8  
Moment of 
Inertia 
(Mass) 
ML^2 λ^5 10^10 Taken about a fixed 
point 
Velocity LT^-1 λ^1/2 10 Rate of change of 
displacement 
Angular 
Velocity 
T^-1 λ^-1/2 0.1 Rate of change of 
angular 
displacement 
Power ML^2T^-3 λ^7/2 10^7 Rate of work 
Force, 
Thrust, 
Resistance 
MLT^-2 λ^3 10^6 Action of one body 
on another to 
change or tend to 
change the state of 
motion of the body 
acted on 
Wave 
Height 
L λ 100 Consecutive crest to 
trough distance 
Wave 
Period 
T λ^1/2 10 Time between two 
successive crests 
passing point 
Wave 
Length 
L λ 100 Distance between 
two successive 
crests at a given 
time 
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 For the three floating turbine platform concepts, an existing design was 
taken from an existing floating offshore wind turbine design [4,5] and scaled down 
using the scaling factors in Table 2 to create the models described in this report.  
The scaling factors were also used to design the aerodynamic thrust disk and 
spinning turbine rotor for the scale-models. 
 
2.3.5 Thrust Forces/Gyroscopic Effects on Turbine Rotors 
 
 An aerodynamic thrust force exists on any wind turbine that is generating 
power. This horizontal thrust force acts in the downwind direction as shown in 
Figure 8.  It is created because the rotor extracts kinetic energy from the wind. As a 
result, the wind velocity (or momentum) decreases as the air flows through the 
rotor.  To decrease the airflow velocity the rotor must put a force (directed 
upstream) on the air.  From the principle of equal and opposite reactions (forces), 
the air flow must then place a downwind force on the rotor, e.g. the thrust force.  
This thrust force must be modeled in properly designed scale-model experiments. It 
is difficult to model the thrust force in a scale-model using a scaled rotating rotor 
blade because it is difficult to achieve Reynolds number similarity.  To achieve 
Reynolds number similarity using an air flow at sea-level, the model wind speed 
would need to be a factor of  =100 greater than the actual wind speed over the full-
scale prototype.  This is impossible to achieve in practice.  As an alternative, a solid 
aerodynamic disk (see Figure 7) is used to create the thrust force on the model.  
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Figure 7: Aerodynamic Thrust Disk 
 
The aerodynamic thrust force can be predicted using  
 
    AVT 2
9
4
       (1) 
 
for an ideal Betz rotor. An ideal Betz rotor is an optimum rotor that extracts the 
maximum possible energy from the wind (Power Coefficient = 16/27 = 0.593 for a 
Betz rotor). 
 The gyroscopic effects on spinning rotor blades is  another important 
physical effect on floating wind turbine platforms that must be modeled in scale-
model experiments.   The gyroscopic effect can be described as follows; a torque on a 
spinning rotor applied perpendicular to its axis of rotation (and therefore also 
perpendicular to its angular momentum), causes it to rotate about an axis perpendicular to 
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both the applied torque and the angular momentum.  The fundamental equation 
describing the behavior of the gyroscope is: 
                                                   (2) 
where the vectors  τ and L are respectively the torque and angular momentum, I and ω 
are the mass moment of inertia and angular velocity respectively, and α is the angular 
acceleration of the rotor. 
A spinning turbine rotor has an angular velocity (torque) about the surge axis (see 
Figure 8).  If the turbine platform and rotor now rotates about the pitch axis, a new 
component of angular velocity (torque) is created about the yaw axis.  This new 
component will either enhance or decrease yaw motions of the platform (depending on 
the relative phase of the pitch and yaw motions).  The same effect can also enhance or 
decrease pitch motions in the presence of  pitch motions. Once yaw motions are created 
on the platform, a secondary gyroscopic effect can also occur.  Forces in the sway 
direction occur on a yawed rotor disc.  These sway direction forces can also induce a 
torque and motions in the roll direction.  The gyroscopic effect (and resulting torques) 
depends on the angular velocity and moment of inertia of the spinning rotor.  As a result, 
these two parameters must be properly scaled in the scale-model rotor as described in 
Sections 2.3.4 and 4.2.   
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Figure 8: Pitch, Roll, Surge, Heave, Yaw and Sway Directions on a Floating Wind Turbine 
Platform 
2.4. Hydrokinetic Power 
Hydrokinetic power is a form of water energy. It is obtained by harnessing 
the kinetic energy of ocean currents, such as the Gulf Stream. Hydrokinetic power 
has a significant potential for the future generation of electricity, despite not being 
widely used today. In a 2006 report from the United States Department of the 
Interior, it is estimated that capturing just 1/1,000th of the available energy from the 
Gulf Stream would be sufficient to supply the state of Florida with 35% of its 
electrical demands [7].  The Gulf Stream is reported to have 21,000 times more 
Wind Direction Thrust Force 
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energy than Niagara Falls in a flow of water that is 50 times the total flow of all the 
world’s freshwater rivers. 
Ocean currents are primarily caused by the rise and fall of tides. These tides 
result from the gravitational interactions between earth, moon, and sun, which in 
turn cause the whole sea to ﬂow. The complex patterns of the currents found in the 
ocean are results of the wind, water salinity, temperature, topography of the ocean 
floor, and the rotation of the earth. 
The kinetic energy of marine currents can be converted using different types 
of open-flow rotors, in very much the same way that a wind turbine extracts energy 
from the wind. Open-flow refers to the rotor blades not being encased in any way. In 
other words, there is no channel built around the blades to direct the fluid into 
them, but rather the blades are free to rotate in the fluid as those seen on wind 
turbines (See Figure 9). The potential of electric power generation from ocean 
currents is enormous and, much like wind energy, it is very appealing because it is 
not just a renewable form of energy, but also a clean energy source. It does not 
produce any harmful byproducts or emissions that can damage the environment. 
Hydrokinetic power is also an attractive form of energy generation because it 
utilizes ocean water, which is found abundantly all over the world. In addition, 
although ocean currents move slowly relative to typical wind speeds, they carry a 
great deal of energy because of the density of water. Water is over 800 times denser 
than air. Therefore, for the same turbine rotor area, water moving 12 miles per hour 
creates the same amount of power as a constant 110 mile per hour wind. This 
allows for the turbines needed to extract energy underwater to be much smaller, 
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and thus capable of being positioned more closely together. Moreover, another 
advantage of current energy is that tidal flows are quite predictable. This 
predictability is very advantageous in electricity generation because it greatly raises 
efficiency of the system. These advantages make ocean current power an ideal 
method of harnessing energy to supplement or eventually even replace the methods 
that use environmentally harmful fossil fuels.  
The calculation of available hydrokinetic water power in a current flow is 
very similar to that of wind power. In fact, the same equation governs both concepts. 
The power available in a water current is: 
P =Cp0.5rV
3A                         (3) 
where: 
CP = the turbine power coefficient 
P = the power generated (in watts) 
ρ = the density of the water (seawater is 1027 kg/m³) 
V = the velocity of the flow 
A = the swept area of the turbine (in m²) = 
p
4
D2  where D is the diameter of 
the rotor for axial flow turbines 
At present, several countries, including the United States, are pursuing ocean 
current energy. However, research and development in the field is still considered 
to be at an early stage. Under the most likely commercial development scenario, 
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energy would be extracted from ocean currents by using submerged water turbines 
similar to wind turbines (See figure below). 
 
Figure 9: Submerged Water Turbines, [7] 
 These turbines have rotor blades, a generator for converting the rotational 
energy into electricity, and a means of transporting the electrical current to shore 
for incorporation into the electrical grid. One example of a marine current turbine is 
SeaGen, which is one of the only commercially operated tidal turbines in the world, 
feeding 10MWh per tide into the UK grid (See figure below). 
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Figure 10: Seagen Water Turbine, [8] 
2.5 Wave Power 
Wave power, also known as wave energy, is a form of renewable energy 
generated and captured from the motion of ocean surface waves. Waves are created 
by wind blowing across the water’s surface. A combination of pressure and friction 
cause energy to be transferred from the wind to the water, causing the rise and fall 
effect of a wave. Methods used to generate wave energy vary depending on location 
and machinery used to convert the wave energy into electricity. Many modern day 
devices have been developed but wave power generation is still not a widely used 
technology. Advantages of utilizing wave power include clean renewable energy 
with no wasteful bi-products or fuel required. Disadvantages are in the unsteady 
production of energy due to the unstable nature of the ocean’s waves and potential 
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disruption to marine life. Only certain areas around the world have enough wind to 
create a stable production of energy from such technologies. 
Despite the disadvantages though, there is much potential for wave power. 
So much so that the possibility of converting wave energy into usable energy has 
inspired more than one thousand patents in this area to be registered since 1980. 
The available energy per tidal cycle (kW-hr) can be shown calculated using; 
AR
gARmgR
ECycle
2
2
1377
22


                              (4) 
where: 
R = tidal range (high to low tide) in meters 
 A = surface area of tidal reservoir, m2 
With 706 tidal cycles per year, the available energy (kW – hr/year) is 
 
E = 0.96´106(COP)R2A                                                          (5) 
 
 To demonstrate what capability this energy production has, consider the 
following case study (numerical values are taken from France: La Rance Tidal Power 
Station): COP = Coefficient of Performance (0.2<COP<0.35) 
 R = 8.5 m, A = 22 km2, COP = 0.33 
 E = 517 GW – hr/year 
One U.S. home uses 10 MW – hr/ year and considering the fact that a small city 
would contain 50,000 U.S. homes, a small city would use 50,000 MW-hr/year.  
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The methods of harnessing energy from waves vary depending on location, 
such as near shore, offshore, and far offshore. Also, the devices used to capture the 
energy from the waves and the way in which it is converted to usable power like 
electricity further breaks down these technologies. The devices used are often called 
wave energy converters and include buoys or point absorbers, terminators, 
attenuators or surface-following and overtopping devices. These devices are usually 
coupled with existing, commercially used machinery and technology such as 
generators, turbines, hydraulic motor systems, and power take-off systems to 
produce electricity. 
Wave energy absorber devices are floating objects that work in parallel to 
the vertical rise and fall of a wave and transfer that energy to motion. One method 
using a point absorber is a device called a generator buoy use in offshore designs. 
This device uses a floating buoy to capture the wave’s energy. Within the buoy is an 
electric coil mounted to the buoy, and a magnetic shaft affixed to a cable anchored to 
the ocean floor. The natural motion of the waves causes the buoy to rise and fall 
causing a movement in the magnetic shaft through the coils to create electricity. The 
electricity is drawn ashore by cables traveling down the anchor cables and along the 
sea floor.  
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Figure 11: Wave Energy Concept, [10] 
Attenuators are multi-sectional devices that act with the natural oscillation of 
waves to create motion in the joints of the device to harness the energy. An example 
of a surface-following attenuator being used involves semi-submerged sections 
connected by hydraulic pumps at the joints. As the device follows the wave height 
changes, the joints flex in the water and pump hydraulic fluid through a motor that 
powers a generator. This device is also anchored offshore and electricity produced 
by the generator is cabled back to shore.  
 
Figure 12: Attenuator, [11] 
Terminators, in a similar manner, use the perpendicular motion of waves and 
that energy to create power and motion. A similar method uses a terminator in the 
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form of a wave opposing flap. The device’s flap is pushed and pulled by the 
horizontal movement of the waves. It uses this motion to operate a piston that 
pumps hydraulic fluid ashore to drive a generator and create electricity. 
 
Figure 13: Terminator, [12] 
Overtopping devices collect water from waves into a reservoir to create a 
difference in water surface height and uses gravity to do work. The water is allowed 
to return to the ocean but is first passed through hydroelectric turbines to generate 
electricity. This is used mostly in near shore applications. 
 Yet another method is called the oscillating water column and uses a 
terminator in the form of an air chamber. The rising and falling waves push air 
trapped at the top of the chamber through a hole leading to a turbine. The air 
movement rotates the turbine and turns a generator creating electricity. 
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Figure 14: Oscillating Water Column, [13] 
After completing the literature review on hydrokinetic and wave energy devices it 
was decided to focus on hydrokinetic energy as the most feasible for incorporation 
into a floating wind turbine given the time constraints of the current project. 
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3. MQP Objectives 
 This Major Qualifying Project had the following objectives: 
 Conduct a literature review on floating offshore wind turbines, as well as 
ocean current and wave energy systems; 
 Continue development of scale-model floating wind turbine platforms at 
WPI; 
 Design and build a scaled rotor and blades in order to measure the 
gyroscopic effects due to turbine rotor rotation; 
 Design and build an aerodynamic drag disk in order to correctly model 
the thrust force on the turbine rotor; 
 Design and build an underwater frame to allow for different 
configurations of the tensioning cables to be studied  
 Test the existing tension leg platform base with the new rotor and drag 
disk at Alden Research Laboratories in Holden MA; 
 Test the existing spar buoy base with the new rotor and drag disk at 
Alden Research Laboratories in Holden MA. 
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4. Design and Manufacture 
4.1 Aerodynamic Thrust Disk Design 
 
Figure 15: SolidWorks Model of Thrust Disk and Rotor 
The purpose of the aerodynamic thrust disk was to model the forces on the 
blades, from the wind, as they rotate.  Figure 15 shows the aerodynamic disk and 
rotor mounted on the tower of the model. The design goals of this project were to 
properly scale the model platform as outlined in section 2.3.4. The design 
requirements as dictated by the proper scaling measurements are as follows [5]: 
 The weight of the model nacelle should be 240 g; 
 The weight of the model rotor should be 110 g; 
 The thrust applied to the model should be 1.703 N; 
 The diameter of the aerodynamic disk should be 67 cm; 
 The wind velocity of the model should be 2.5 m/s; 
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 A disk drag coefficient of CD = 1.2 is assumed. 
 These values come from the following equations 
           
 
 
        
                                                     (6) 
       
       
         
   
                                                        (7) 
 
where          
  
  
 is the density of air,                     
 
 
 is an average 
wind speed the turbine might experience in open sea waters [5]. The wind velocity 
of the model that is given above was determined by the size of the disk being used. 
The outline for manufacturing the disk was initially considered by last year’s MQP 
team [5]. Their design involved using insulation foam as the material for the disk. 
However, when the foam disc was attached to the nacelle there was nothing to hold 
it taught. An ABS plastic “bike wheel” was designed in the current project in 
SolidWorks to provide an outer edge to hold the disk taught. The bike wheel was 
connected to the nacelle by using eight carbon fiber rods. These rods were glued 
into the nacelle on one end and into the bike wheel on the other end.  
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Figure 16: Solidworks model of bike wheel 
 
However, this new bike wheel and the foam disk were overweight for the 
design. What was initially a 67 g piece of foam was now 152.5 g including the bike 
wheel. In order to drop the weight of the thrust disk, the material was changed from 
this foam disk to industrial plastic ‘saran’ wrap. The saran wrap also did not allow 
any air to flow through the disk.  
 After initial testing, it was observed that the exposed parts of the rotor blades 
that extended past the outer diameter of the aerodynamic disk were experiencing 
significant vibrations. To correct this, there were two options, increasing the disk 
size or decreasing the rotor blade size. However, increasing the aerodynamic disk 
size would alter the thrust force on the model, so   the rotor blade length was 
decreased leading to the current design, which was tested at Alden Research 
Laboratory. 
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4.2 Rotor Assembly Design 
 The preliminary designs for the rotor came from the scaled dimensions 
according to the NREL baseline 5MW wind turbine. The rotor weight was scaled 
10^6:1, as outlined in section 2.3.4, yielding a model rotor weight of 110 grams 
[14]. The motor that was chosen to drive the rotor was researched and purchased 
by a previous team working on this project [5].  
 With the motor already available, the focus turned to designing the rotor and 
hub.  The airfoil shapes and chord distribution of the turbine rotors are not modeled 
in the scale-model experiments.  Due to our inability to achieve Reynolds number 
similarity (see section 2.3.5) it is not necessary to have geometric replicas of the 
exact full-scale turbine blades.  However, the weight and moment of inertia of the 
rotor blades must be properly scaled (see section 2.3.5) to model gyroscopic  effects.  
The design requirements for the rotor were: 
 The weight of the rotor should be equal to 110g 
 The moment of inertia should be equal to 0.004851 kg-m2 
The first design for the rotor blades used carbon fiber blades, due to the low weight 
restrictions; which would then attach to the rotor hub, made out of ABS plastic from 
WPI’s Rapid Prototyping Machine. The rotor blades were scaled from the original 
model and were 100:1 length scale. However, the carbon fiber blades were not 
scaled to weight, and this will be discussed in more detail later in this section.  
The rotor hub was first designed to have two attachment points for each 
blade. However after construction, the blades disconnected from the rotor hub, 
during the first basic rotor spin test. The hub was then redesigned to have six 
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connection points to each blade and the connections were changed to small nuts and 
bolts from plastic pins. This design was tested and was successful. The figures below 
show the improved design of the rotor assembly. 
 
Figure 17: Close up of Rotor Assembly 
 
Figure 18: Rotor Assembly 
 Once the rotor hub assembly was improved, the next thing that needed to be 
scaled was the moment of inertia of the rotor. The full-scale turbine moment of 
inertia is 48510000 kg/m^2. This scales down to 0.004851 kg/m^2 for the model 
that was tested. The improved rotor assembly weight was under the 110 grams that 
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was allowed. Therefore, magnets were purchased to bring the weight of the rotor up 
to 110 grams. The magnets were also considered because of their ease of use and 
mobility. They were placed along the blades at a known distance from the center of 
the rotor in order to match the moment of inertia of the full-scale model. Using the 
scaling requirements outlined in Table 2, the design goal for the moment of inertia 
was obtained through equations (8)-(11). 
                                                                         (8) 
  
       
           
    
                                                            (9) 
                                                                       (10) 
         
 
  
                                                    (11) 
 
The table below shows the calculations for the distance to place the magnets 
from the center of the rotor hub to achieve the correct scaled mass moment of 
inertia. The first column gives the percentage variation in mass moment of inertia 
compared to a baseline rotor (100% row). 
Table 3: Initial Moment of Inertia Calculations 
 Model Rods I=(1/12)ml^2 Rotor 
Hub 
I=(1/2)mr^2 Magnets I=mR^2 
        
 I Mass 
(kg) 
Length (m) Mass 
(kg) 
Radius (m) Mass 
(kg) 
Radius 
(m) 
        
60.00% 0.002911 0.01812 0.63 0.01624 0.0381 0.0064 0.1693166 
80.00% 0.003881 0.01812 0.63 0.01624 0.0381 0.0064 0.2322364 
100.00% 0.004851 0.01812 0.63 0.01624 0.0381 0.0064 0.2814238 
120.00% 0.005821 0.01812 0.63 0.01624 0.0381 0.0064 0.3232105 
140.00% 0.006791 0.01812 0.63 0.01624 0.0381 0.0064 0.3601814 
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The reason the table is labeled Initial Moment of Inertia Calculations is 
because before testing, during one of our dry runs, it was observed that the rotor 
blades extended past the dimensions of the aerodynamic thrust disc. In order to 
avoid interference between the two, the blades were cut and extra magnets were 
added to the blades to account for the lost weight. After the blades were cut and 
more magnets were added, the moment of inertia calculations changed and are 
shown below. 
 
Table 4: Final Moment of Inertia Calculations 
 Model Rods I=(1/12)ml^2 Rotor 
Hub 
I=(1/2)mr^2 Magnets I=mR^2 
        
 I Mass 
(kg) 
Length (m) Mass 
(kg) 
Radius (m) Mass 
(kg) 
Radius 
(m) 
        
60.00% 0.002911 0.00694 0.2413 0.01624 0.0381 0.02218 0.2050531 
80.00% 0.003881 0.00694 0.2413 0.01624 0.0381 0.02218 0.1682668 
100.00% 0.004851 0.00694 0.2413 0.01624 0.0381 0.02218 0.1886904 
120.00% 0.005821 0.00694 0.2413 0.01624 0.0381 0.02218 0.2071097 
140.00% 0.006791 0.00694 0.2413 0.01624 0.0381 0.02218 0.2240196 
 
4.3 Underwater Frame Design 
 Another project goal was to create an underwater frame for both the TLP and 
the spar buoy models. The frame was designed to allow for different underwater 
cable configurations during the scale-model experiments, for example to create a 
45° angle between the wave tank floor and the tensioned cable attached to the legs 
of the TLP.  This configuration would, for example, decrease the vertical  load on the 
ocean floor  cable anchors. Originally, the frame was made to be 44” x 44” with the 
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ability to change those lengths to increase or decrease the angle made by the 
tensioned cables. The frame was made out of aluminum angle iron that was 2” x 2” x 
72”. Holes were placed in the angle iron at 3 inch intervals to be able to change the 
angle that we created.  
 During December 2011 testing at Alden Labs it was immediately apparent 
that the material used to make the frame was too flexible, particularly when 
installing the frame in the wave flume. The first design of the frame is shown below. 
 
Figure 19: Underwater Frame Initial design 
 
 In order to address the strength issue with the frame, it was redesigned with 
aluminum angle iron that was 3”x3”x96” and was ¼” thick. Four of this sized angle 
iron was purchased to create the second design of the underwater frame. The 
second frame design is shown below. 
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Figure 20: Underwater Frame Final Design 
 
Angle Iron 
Load Cell Supports 
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Figure 21: Underwater Frame Drawing 
 
 The re-design of the underwater frame was chosen to only be used with the 
spar buoy design because of stability issues encountered with the TLP with angled 
cables observed during the late stages of December 2011 testing. The locations for 
the load cells to be placed were determined from the previous year’s MQP [5] and 
are shown in Figure 20.  
 
4.4 Adjustable Fan Platform 
 As mentioned previously, the testing of the models occurred in Alden 
Laboratories in Holden, MA, which provided a water flume (see Figure 23) capable 
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of producing waves and currents.  One problem that was encountered was the 
height of their water flume. In order for the testing of our model to be accurate, the 
center-point of the industrial-sized fan (see figure below) to be used for wind 
generation had to be at the same level as the center-point of the aerodynamic thrust 
disk.  While performing initial tests in Higgins laboratories, this was achieved by 
raising the fan 6 inches above the top of the water tank using three 2-inch boards in 
order to ensure the TLP model still had enough room to float properly as shown 
below.  
 
Figure 22: WPI Testing Fan Platform 
While this was a fairly easy task, the height (tank bottom to top) of the water 
flume in Alden Laboratories was 7 ft while the water level was set at 4.5 ft. In order 
for the TLP to be properly submerged and still have the center of the fan on the 
same level as the center of the disk, the ideal height of the flume would’ve been 6 ft. 
tall. The figure below shows the Alden Labs water tank dimensions. This meant that 
the fan would need to be lowered beneath the top of the water flume by one foot. 
This was accomplished by building an adjustable platform for the fan using a 
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2x12x5.5 ft. board in order to accommodate the 6 ft. width of the water flume, as 
well as threaded rods to attach this board to two separate 3 ft. long boards that 
would be secured over the sides of the water flume. The threaded rods also 
provided the advantage of being able to adjust the height of the board if necessary. 
Prior to the testing, however, an adjustable platform was provided by Alden 
Laboratories and therefore the one the team had designed and built was not used, 
but is still available for future testing.  
 
Figure 23: Alden Labs Water Tank Design, [15] 
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4.5 TLP Ring Design 
 After the completion of the first round of testing in Alden Laboratories, it was 
observed that although the tension leg platform design was stable, fairly large 
platform motions, particularly in the surge direction, were still encountered when 
forced by moderate amplitude water waves. One way to counteract this effect is to 
add more weight to the base of the TLP, therefore making it harder for the waves to 
induce surge pitch, and roll motions. In order for the model to still float properly 
and have the correct scaling this was not an option for this project.  
 Professor Olinger proposed another solution for us to explore. A thin ring 
(see figure below) is added to the end of the 4 TLP legs. This ring encloses a 
significant volume of water without adding to the overall weight of the TLP since the 
enclosed volume is open to the atmosphere and ocean water below the TLP. Thus, 
this design would add to the effective mass of the TLP that resists surge 
accelerations without increasing the actual TLP mass. 
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Figure 24: TLP Ring Design 
 In December 2011, investigators in Japan studied a similar concept called 
“Wind Lens.” They are wind turbines with an inward curving ring around the 
perimeter of the blades. What is interesting about this design is the way they plan 
on employing these wind turbines in the ocean. They will use a hexagonal platform 
that two or more of these turbines can be attached to and even linked together with 
other platforms to create an even more stable and wave resisting platform.  
 
Figure 25: “Wind Lens” Hexagonal Platform, [16] 
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Figure 26: “Wind Lens” Linked Hexagonal Platforms, [17] 
  
This idea of having a “ring” of turbines helped inspire the new wave-resisting 
design of the current TLP model. Without adding a considerable amount of weight 
to the base of the TLP, a hollow and open cylinder surrounding the base that 
attaches to the legs should decrease the surge accelerations of the platform for the 
same amplitude of incident waves. 
Before constructing the ring design, it was necessary perform some 
preliminary calculations to determine whether using this outer ring design would 
provide a significant enough decrease in surge accelerations of the TLP. Using the 
inner diameter of the base (8.65 in), the outer diameter of the ring (19 in), the 
height of the base that would be submerged under water (7.5 in), and the density of 
water (62.3 lb/ft3), the weight of the entrained water could be estimated using 
simple volume and density equations. From these calculations, it was observed that 
the weight of the entrained water would be equal to approximately 61 lbs.  After 
estimating the weight of the entrained water it is possible to estimate the ratio of 
the new acceleration compared to the old acceleration of the base when a force such 
as a wave is applied using the following equations,  
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F =ma                                                                (12) 
FTLP =mTLPaTLP                                                         (13) 
              
FTLP+Ring =mTLP+RingaTLP+Ring                                             (14) 
where if the imposed  FTLP equals FTLp+Ring due to incident  wave motion, then 
aTLP+Ring
aTLP
=
DTLP+Ring
DTLP
×
mTLP
mTLP +mH 2O
= 0.29
                   (15) 
In equation (15), DTLP+Ring and DTLP are the new (19 in) and old (8.65 in) diameters, 
mTLP is the mass of the base without the attached ring (9.48 lb), and mH2O is the mass 
of the entrained water (61 lbs).  A value of 0.29 was obtained for the ratio of the new 
acceleration to the old acceleration, which means that with an outer ring attached to 
the base, when a force is applied to the TLP, the new acceleration of the model and 
resultant surge amplitudes will be a third of the old acceleration! 
 Due to the fact the there was a significant predicted drop in the acceleration 
of the model, the design was implemented using a piece of sheet metal 19 inches in 
diameter and 10 inches tall as shown in Figure 24. This surrounded the 19 in. 
diameter of the legs of the base and went 2.5 inches above the height of the base in 
order to provide even more protection from the waves.  The sheet metal was formed 
into a circle using pop rivets and connected to the TLP through the same 
connections in the legs where the tether lines connected making it easy to remove 
the ring if needed.    The ringed TLP design of Figure 24 will be tested in future 
testing at Alden Research Laboratory in 2012. 
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4.6 Hybrid Water Turbine Design 
The final part of the project was to design and manufacture a hybrid system 
that adds a hydrokinetic water turbine system to the existing scale-model TLP 
design. The design is based off of the water turbine designed by SeaGen, as 
mentioned previously in the paper. For simplicity, the design outlined in this section 
will consist of only one turbine instead of the two in the SeaGen model. The 
necessary dimensions of the SeaGen turbine were found in order to incorporate a 
model into the existing floating wind turbine system. 
 
 
Table 5: Scaled Dimensions of Underwater Turbine, [18] 
 Rotor 
Diameter 
(m) 
Tide 
Velocity 
(m/s) 
Weight 
(kg) 
Tower 
Diameter (m) 
RPM 
SeaGen 16  2.4 1600  3 10-15 
Model .16  .24 .00016  .03 100-150 
 
For the water turbine rotor, the carbon fiber rods that were used on the wind 
turbine will also be used on the water turbine. In order to obtain the correct weight 
scaling magnets will need to be added to the blades. The blades of the water turbine 
connect to a hub that attaches to the motor much like the design of the wind turbine.  
To connect the water turbine to the tank of the TLP an underwater  ‘tower’ 
will be created for the water turbine out of ABS plastics using the rapid prototyping 
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machine and a magnet will be attached from inside the bottom of the TLP tank to a 
magnet inside the water turbine tower as seen below.  
 
Figure 27: Section View of Full Assembly 
To allow for the shaft of the motor to remain waterproof a press fit cap 
should be added to the bottom of the water turbine tower.  
TLP Tank 
TLP Leg 
Water Turbine Tower 
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Figure 28: Solidworks Model of Water Turbine Cap 
A hole will be drilled in the side of the cap to allow for a stationary shaft to 
extend from inside the tower to out into the water. Inside the tower a motor will be 
placed to power the water turbine. The motor chosen was a DC motor, with wire 
wrapped around the stationary shaft. The design requirements for the motor are 
very limiting, ideally the motor would be totally waterproof and able run on battery 
power. Another alternative involves using different encasements for the motor that 
would allow for the underwater tower to be open at the bottom. This would greatly 
decrease the buoyancy effect caused by the tower being hollow and full of air. On the 
outside of the shaft the rotor hub connects to a magnet that once placed on the 
stationary shaft begins to rotate. This design allows for all openings on the water 
turbine tower to be waterproofed effectively. The design of the water turbine was 
completed, but due to time constraints of the project it was not fully manufactured 
as part of this project. 
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5. Testing 
 Testing of the tension leg platform design with new aerodynamic thrust disk 
and spinning rotor was conducted in 4 stages. The first stage consisted of simple 
float tests to secure that the tension leg platform model was completely waterproof. 
This testing was done during A-term 2011 in the water tank in the fluids lab in 
Higgins Laboratories at WPI. Once the TLP tank was completely waterproof and 
stable in the water, the tower was added with the rotor and aerodynamic thrust disk 
to ensure stability once the fan was used to provide the necessary wind speeds. The 
figure below shows the set-up used in the water tank. 
 
Figure 29: WPI testing configuration 
 After the initial stage of testing in Higgins Labs, the testing was moved to 
Alden Labs in Holden, MA, which provided a 6ft. wide and 7 ft. tall water flume 
capable of creating waves and water currents. The first day of testing in late 
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November consisted of solely setting up the equipment and ensuring that 
everything was working properly. The figure below shows the set-up used in Alden 
Labs. While testing in the WPI lab, it was observed that the fan provided choppy 
winds that caused vibrations in the rotor. Using a honeycomb attached to the fan as 
seen below eliminated this problem.  
 
Figure 30: Alden Labs testing configuration 
 The second day of testing in Alden Labs was spent dealing with technical 
difficulties with the equipment. It was later discovered that the data acquisition 
equipment inside of the TLP model got wet overnight. Since the equipment 
problems were not solved the second day, further testing was postponed to mid-
December to allow plenty of time to fix the equipment that had gotten wet.  
 Once the equipment had been fixed, testing was once again conducted in the 
fluids lab at WPI to ensure that the equipment was now working properly and was 
ready for more testing in Alden Labs. This last stage of testing in Alden labs lasted 
four days and proved to be very successful.  
 During the testing in Alden Labs, many variations of wave, wind conditions 
and rotor moment of inertias were used.  Wave heights and frequencies varied from 
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0- 7cm and 0.5 – 2 secs respectively.  Scaled wind speeds between 0 – 15 m/s were 
used.  Rotor mass moment of inertias (from table 4) corresponding to the 100% and   
140% rows were used.   The results obtained from this testing will be further 
discussed in the next section. 
 A third session of testing in Alden Labs is expected to occur in D-term 2012 
which will test both the TLP ring design as well as the Spar Buoy model (with the 
underwater frame to study different cable configurations) with the tower and rotor 
attached.  
6. Results 
 During the testing in Alden Labs in December 2012 an existing wireless data 
acquisition, was used to collect the require data. Two inclinometers and two 
accelerometers wirelessly transferred the data to LabVIEW software. One 
inclinometer and one accelerometer were mounted on the base of the TLP while the 
remaining inclinometer and accelerometer were mounted in the nacelle of the 
tower. Load cells at the bottom of the underwater vertical cables also measured 
required anchor forces. This data will be examined by Kazim Naqvi as part of his 
thesis work.  
 The LabVIEW interface showed both numerical and graphical results 
obtained during the testing that was recorded in a Microsoft Excel file. From the 
numerical results, Kazim Naqvi was able to obtain graphical results that compared 
the sway, surge and heave motions of the nacelle as well as the center of gravity.  
Typical data from a baseline run is presented in Figure 31 showing the pitch and roll 
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motions, various accelerations and wave height, and the forces on the four load cells. 
The figure below is only an analysis of one test run that was conducted during the 
testing in December 2011. This test run incorporated low speed wind, 1.25” wave 
height, approximately 1 sec wave period, and a rotor moment of inertia of 0.006791 
kg-m2was used. 
A video of the testing can be found at 
http://www.youtube.com/watch?v=X1zRT3DbJG8 . 
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Figure 31: TLP test 54- Low wind, high MOI rotor, 1.25" wave height @ 60 Hz motor frequency  
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 It can be observed from these results that the nacelle sway motions were 
most dominant while the nacelle heave accelerations were least dominant. The 
center of gravity surge accelerations were are significant and therefore brought 
about the idea of having the hollow ring design around the TLP base to counteract 
these surge motions due to the waves and wind. It can also be observed that the 
pitch motion was dominant compared to the roll motions of the TLP during this test 
and that load cells three and four (upstream cables closer to incident wave 
direction) experienced higher forces than  (downstream) cells one and two.  This is 
expected since the wave and wind forces cause an increased tension on the 
upstream cables, while the downstream cables go slack (zero tension force). 
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7. Conclusions 
The increase in awareness of fossil fuel deprecation has led to an increase in 
renewable energy use and research. As part of this research, much work has been 
done in the fields of wind, hydrokinetic, and wave power. The use of wind power 
especially has increased greatly over the past few years. The concept of using far 
offshore floating wind turbines has some advantages over using large-scale land 
based wind farms. The hybrid floating wind turbine/ water turbine model may play 
a role in meeting future world energy needs, without the use of fossil fuels and 
without disrupting its environment.  
This projected added aerodynamic thrust and rotor gyroscopic effects to 
scale-model tension leg platform and spar buoy floating wind turbine designs to 
better model these important physical effects.  In addition the preliminary design of 
a hybrid water turbine design to be added to the floating TLP model was 
undertaken. Both models were equipped with inclinometers and accelerometers to 
collect data during testing. The testing was conducted at the WPI Higgins 
Laboratory and also at Alden Research Labs in Holden, Massachusetts. These tests 
were carried out at operating conditions for calm to moderate weather conditions. 
Further testing is still needed on both the spar buoy and the TLP models 
when using the underwater frame that allows for different underwater cable 
configurations. Also, manufacturing and testing of the water turbine system should 
be completed. A detailed explanation of the future work needed is outlined the 
following section. 
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8. Future Work 
This project was able to finish the work that was started by the previous 
MQP teams on floating wind turbines by adding aerodynamic thrust disk and 
spinning rotor to the scale-model platforms. However, more testing must be done to 
fully develop the hybrid water turbine system, the ring TLP design,  and the 
underwater frame. For the water turbine, the model needs to be printed, assembled 
and implemented. Once implemented, further testing needs to be done on the entire 
system to better understand the gyroscopic effects of the underwater rotor and of 
the added ballast to the system. In addition, for a more realistic model of the hybrid 
system, the TLP tank should be reprinted with the additional tower and water 
turbine system included. In a full-scale prototype, the water turbine would not be an 
attachment to the tank; it would be included in the tank itself.  
Further testing needs to be done on the underwater frame and the ring 
design to ensure stability. After the initial round of testing of the TLP with the initial 
underwater frame, an answer was never found for why the TLP tank was unstable 
when tethered to the frame. The new frame will be tested with the spar buoy. The 
frame should also be fitted for the TLP and tested with both platforms.  
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Work Summary 
Report Writing: Equal contribution from all group members 
Aerodynamic Thrust Disk: Kyle and BIlly 
Rotor: Andreia and Dustin 
Original Underwater Frame: Kyle 
New Underwater Frame: Dustin 
Adjustable Fan Platform: Andreia 
TLP Ring: Andreia 
Hybrid Water Turbine Design: Kyle and Billy 
 
 
 
 
 
 
 
 
 
